The retinal flow of information during locomotion provides cues to instantaneous heading. Reconciliation of observer trajectory with the internal representation of the environment implies that the positions of the centre of structure of global motion can be localized relative to points in the visual field. Humans are also sensitive to global structure in Glass patterns, which can approximate temporally integrated optic flow. Encoding of the position of centre of structure of Glass patterns could augment the motion information. However, Glass-like pattern structure could also be present in the texture of objects and indicate their centres, raising the question of whether the centres of form and motion patterns are encoded separately.
Introduction
Relative motion between an observer and their environment is manifest in the velocity vector field or 'optic flow' of salient points in the visual field. In the absence of eye or head orientations tangential to the axis of motion the focus of expansion (FOE) of the optic flow indicates the instantaneous direction of observer motion (Gibson, 1950; Lappe, Bremmer, & van den Berg, 1999; Regan & Beverley, 1979 , 1982 Warren, Kay, Zosh, Duchon, & Sahuc, 2001) . Object motion towards an observer will also create substantial radial optic flow but the optic flow produced by an object manipulated by an observer will often be spiral or concentric as they rotate it.
Psychophysical studies of human motion perception using global dot motion (GDM) patterns have revealed sensitivity to motion vector coherence in polar space suggesting that the optic flow is indeed encoded by the visual system (Burr, Badcock, & Ross, 2001; Edwards & Badcock, 1993; Regan, 1986; Regan & Beverley, 1979; Williams & Sekuler, 1984) . Signal due to radial and concentric motion vectors is summed linearly with area in dot motion stimuli (Morrone, Burr, & Vaina, 1995) for areas with diameters of up to 72°of visual angle (Burr, Morrone, & Vaina, 1998) . The large size of the receptive fields of these detectors suggests they are optimized for use in directing locomotion and/or close interaction with objects. Observers routinely navigate directly towards targets, a situation where the FOE of the optic flow and the target direction would be spatially coincident. Warren et al. (2001) , using a virtual reality environment to dissociate optic flow from the target direction, showed that optic flow incongruent with motion towards a target influences judgment of heading direction progressively more as the optic flow signal level increases. One explanation for this observation would be independent encoding of the FOE of optic flow and the target object position, and subsequent reconciliation of this usually redundant information, weighting each cue by signal strength. Rushton, Harris, Lloyd, and Wann (1998) report a study of a neurological patient WV with unilateral visual neglect who followed a curved trajectory towards a misperceived target location. They interpret this trajectory as being due to a continuous correction of heading relative to the misperceived target location. This suggests that the egocentric orientation cue to target direction overwhelms the optic flow information. WV subsequently learned to walk in a straight line; perhaps, it is suggested, by ignoring the egocentric orientation cue and ensuring that the focus of expansion of the optic flow coincided with the target position in the visual field. It appears WV had access to independent measures of the target position and the FOE of the optic flow. As the target object is only part of a broader visual scene observers should therefore be able to accurately and precisely localize the FOE relative to other, spatially discrete, markers in the scene. To test this first hypothesis we employed an alignment task requiring observers to localize the centre of structure of GDM patterns relative to an imaginary line joining two markers arranged vertically above and below the patterns. Dot speed in the GDM patterns was 2°/s. For the size of the dots used in the experiments this speed is thought to be insufficient to provide a motion streak cue to the axis of motion (Geisler, 1999) thereby avoiding this form cue when using the motion stimuli.
Glass patterns (Glass, 1969) are stimuli analogous to GDM stimuli that have been used in psychophysical investigations into form perception (Badcock, Clifford, & Khuu, 2005; Badcock & Clifford, 2006; Dakin & Bex, 2001; Dickinson & Badcock, 2007; Glass & Perez, 1973; Glass & Switkes, 1976; Mandelli & Kiper, 2005; Prazdny, 1984; Seu & Ferrera, 2001; Wilson & Wilkinson, 1998; Wilson, Wilkinson, & Asaad, 1997) . They elicit a percept of global form from coherence in orientation within a field of pairs of dots. Originally created by superimposing a random dot pattern on a geometrically transformed copy of itself, the form of the transformation is implied by coherence in orientation. A Glass pattern may be viewed as temporally integrated optic flow and an interesting correspondence exists between the preferred transformations of the motion and form processing systems. Mirroring the motion system, concentric orientation signal has been shown to sum linearly over area in the form system (Wilson et al., 1997) and this result has been generalized to the polar axes (Wilson & Wilkinson, 1998) . Analysis of optic flow has obvious value in the assessment of heading direction but the utility of coherence in polar orientation for static patterns is less clear. Objects in the visual scene are frequently segregated from ground through the delineation of a boundary. Such a boundary might be evident as a change in luminance but it might also be defined by a discontinuity in texture (Malik, Belongie, Leung, & Shi, 2001 ). Sensitivity to radial and concentric orientation structure may help to define the boundaries of natural objects such as plants which tend to grow from a point. Estimation of the position of the centre of structure of Glass patterns is intrinsic to models proposed to account for sensitivity to radial and concentric Glass patterns (Wilson & Wilkinson, 1998; Wilson et al., 1997) , and explicitly encoded in a model proposed to account for sensitivity to radial frequency patterns (Poirier & Wilson, 2006) , patterns frequently used in the investigation of shape. We therefore expect observers to be able to accurately localize the centre of structure of Glass patterns relative to external markers. This second hypothesis is tested using an alignment task requiring observers to localize the centre of structure of Glass patterns relative to the same two external markers employed previously.
In addition to the GDM and Glass patterns a third stimulus pattern type, the dynamic Glass pattern, was examined. Dynamic Glass patterns are uncorrelated Glass patterns presented in a rapid temporal sequence. Interestingly dynamic Glass patterns induce a percept of global motion which is consistent with the Glass pattern structure but ambiguous in motion direction along the axis defined by the structure (Ross, Badcock, & Hayes, 2000) . This suggests an input of global form information to the motion system which might be of value in exploiting motion streaks to assess more precisely heading direction in a complex motion environment (Krekelberg, Dannenberg, Hoffmann, Bremmer, & Ross, 2003) . The dot pairs of the Glass patterns mimic motion streaks but provide no motion direction information. The percept of motion, and precision in the localization of its centre of structure would therefore be expected to be dependent purely on the form information. We therefore adopted a third hypothesis; that dynamic Glass patterns are localized using their form rather than their motion structure. To test this hypothesis we exploited the results of experiments showing that sensitivity to polar coherence of motion vectors is afforded by a set of cardinal mechanisms preferring radial and tangential motion (Burr et al., 2001 ) and sensitivity to polar form by a set of cardinal mechanisms encoding radial, concentric and intermediate spiral structure (Dickinson & Badcock, 2007; Webb, Roach, & Peirce, 2008) . Although it was not possible to predict from sensitivity data the pattern of precision in localization across radial, concentric and spiral conditions of Glass and GDM patterns it was anticipated that the pattern of precision would be different across the pattern types. Spiral optic flow patterns often result from summation of radial and concentric motion components and we would expect precision in localizing the centre of structure to be robust under such circumstances. Concentric and radial form, however, is encountered more frequently than spiral form and so one might expect localization of spiral form to be comparatively poor given less prior experience with this stimulus. Should our third hypothesis be supported the pattern of precision across the radial, concentric and spiral conditions of dynamic Glass patterns would resemble that for static Glass patterns rather than GDM patterns if the form information is the critical cue for localizing the centres of structure of the static and dynamic Glass pattern types. Precision in localizing the centre of structure of radial, concentric and spiral pattern conditions was compared across GDM, static Glass and dynamic Glass pattern types.
Due to their diffuse nature GDM patterns better approximate the optic flow induced by an observer's motion through his/her environment than motion of discrete objects within the environment. Perception of heading of an observer is influenced by the presence of moving objects within the flow field induced by the observer's motion (Warren & Saunders, 1995) . This implies that all vectors within the flow field are integrated (Warren, 1998) . The fact that only one flow field can be consistent with the motion of the observer suggests a fourth hypothesis; that localization of a GDM pattern would be poor relative to other GDM patterns but localization of a GDM pattern relative to two Glass patterns would be precise. We tested this hypothesis using an alignment task where the observer was required to localize the centre of structure of a GDM pattern relative to the centres of structure of two other similar patterns and relative to two dynamic Glass patterns.
General methods

Preamble
The measure used to address all of our hypotheses was the precision in localizing the centre of structure of GDM, dynamic Glass and static Glass patterns. In Experiment 1 precision was measured for 100% coherent patterns in an alignment task similar to the familiar three dot alignment task (McGraw, Whitaker, Badcock, & Skillen, 2003; Toet & Koenderink, 1988) with the central dot replaced with a pattern in which the location of the centre of structure was varied. The relative precision across radial, concentric and spiral conditions of each pattern type (static Glass, dynamic Glass and GDM) was also central to our arguments and so thresholds for discrimination of structured patterns from unstructured reference patterns were measured in a preliminary experiment so that conditions (radial, concentric or spiral) within each pattern type could be matched for detectability in Experiment 2. Experiment 3 measured precision of localization of the centre of structure of patterns relative to the centres of structure of other patterns rather than dots. Radial patterns were used in all conditions of Experiment 3. The centre of structure of a dynamic Glass pattern was localized relative to the centres of structure of two other dynamic Glass patterns (condition DDD), a GDM pattern localized relative to two other GDM patterns (MMM), a GDM pattern localized relative to two dynamic Glass patterns (DMD) and a GDM pattern localized relative to two other GDM patterns with their centres of structure marked by a form cue (MMM dots).
Stimuli
Stimuli in all cases were patterns composed of Gaussian luminance profile dots with a maximum luminance of 90 cd/m 2 , a Weber contrast of 1 relative to a background luminance of 45 cd/m 2 .
Their diameter at half height was 4.7 0 . The dots of the Glass, dynamic Glass and the GDM patterns were constrained to fall within invisible circular apertures with radii of 100 arcmin of visual angle. Stimuli appeared in a square presentation field with a side length of 29 cm, corresponding to 12.5°of subtended angle at the viewing distance of 132 cm. This presentation field was populated by 752 Â 752 square pixels therefore the side of an individual pixel subtended an angle of 1 arcmin at the observer.
Glass patterns were composed of 50 pairs of dots with a constant dot pair separation of 8 0 , a separation shown to give the largest global motion effect from the dynamic Glass patterns (Ross et al., 2000) . Each dot pair either represented signal or noise within the Glass pattern with the axes of signal dot pairs being oriented coherently and the noise pairs oriented at random. The positions of the dot pairs within the pattern were assigned in a pseudo-random manner. Each dot pair was assigned a position, at random, at an intersection of one of 50 (invisible) circles concentric to the aperture and one of 50 equally spaced (invisible) radii. The spacing of the concentric circles was inversely proportional to their radii and each circle and radius was assigned only one dot pair, leading to a uniform dot pair density on average. No structure was apparent in the randomly assigned positions. Signal dot pairs were oriented coherently with respect to the centre of the pattern, which is distinct from the centre of the aperture. The pattern centre was constrained to the horizontal diameter of the aperture but could be displaced to the left or right of its centre. Radial, concentric and spiral Glass and dynamic Glass patterns were employed, within which signal dipoles were oriented along (0°), perpendicular to (90°), and at À45°to the local radius from the pattern centre. Glass patterns were presented for 150 ms, a presentation time short enough to preclude multiple fixations during the presentation (Rayner, 1998) . Dynamic Glass patterns were series' of four independent Glass patterns with a common centre position and were presented for 400 ms to equate presentation times with the GDM patterns. Although the total duration of these stimuli is sufficiently long to permit multiple fixations the observers reported fixating the central stimulus throughout the stimulus presentation.
The GDM patterns comprised radial (centrifugal), concentric (clockwise) and À45°logarithmic spiral (opening clockwise) coherent motion. The positions of the dots in the first frame of the motion sequence were determined in the same way as the positions of the dot pairs in the Glass patterns. The GDM sequences consisted of eight frames (equating the total number of dots presented in the dynamic Glass and GDM stimuli) between which the signal dots moved along radial (0°), concentric (90°) or spiral (À45°) paths in steps of 6 0 of visual angle. Frames persisted for 50 ms resulting in a dot speed of 2°/s. Noise dots moved along randomly oriented straight paths. Dot lifetime was the whole eight frames, excepting those dots that moved outside of the aperture which were removed and replaced in a manner that produced least disruption of the density of the stimulus. Dots in radial and spiral patterns were replaced within the aperture, on the same radial or spiral path they were originally on, at a distance from the pattern centre selected at random. Dots in circular patterns were replaced immediately on the same circular path at the point at which the path became contained again by the aperture (the circular paths are not concentric with the aperture in cases where the pattern centre is displaced). Noise dots retained the same Cartesian direction of motion but were reinstated at the point on the boundary of the aperture diametrically opposed to the point at which they disappeared.
Apparatus and observers
Stimuli were created using custom software in MatLab 5.3 (Mathworks, Natick, MA, USA) and drawn to the screen of a Hitachi Accuvue 4821 monitor (P22 phosphor) from the frame buffer of a Cambridge Research Systems VSG 2/4 graphics card housed in a PC (Pentium II, 400 MHz). Monitor frame rate was 100 Hz. Luminance calibration was performed using a Cambridge Research Systems OPTICAL OP 200-E photometer (Head model number 265) and associated software. Three experienced psychophysical observers participated. JB and JC were naïve to the purposes of the experiment. ED is an author. All had normal or corrected to normal visual acuity.
Procedure: preliminary experiment
Prior to commencement of the localization experiments the coherence threshold for discrimination of structured patterns from incoherent reference patterns was measured in a preliminary experiment. The method of constant stimuli was applied to a two interval forced choice (2IFC) task where the observer was required to discriminate a test stimulus containing coherent structure from a wholly incoherent reference stimulus. The number of coherent pattern elements was varied between conditions. Nine coherence levels were sampled with 100 trials presented at each level. Cumulative Gaussian functions;
where s is the number of signal dot pairs, P correct (s) is the probability of responding correctly at a particular signal level, V is the fitted mean of the Gaussian, R is the fitted standard deviation of the Gaussian and erf is the error function, were fitted to the data obtained for each stimulus type. The mean, V, which corresponds to the 75% correct discrimination performance level, was adopted as the measure of coherence threshold for discrimination.
Procedure: Experiments 1, 2 and 3
Experiments 1, 2 and 3 were localization experiments. In Experiments 1 and 2 localization of the centre of structure was performed relative to two vertically aligned reference dots, arranged 4°of visual angle above and below the horizontal diameter of the 3.33°diameter test aperture. The reference dots were the same as the dots used in the Glass and GDM stimuli. For Experiment 1 precision of localization was measured for 100% coherent patterns. In Experiment 2 radial, concentric and spiral conditions within each pattern type were matched for detectability and precision remeasured. In Experiment 3 the centre of structure of the test pattern was localized relative to the centres of structure of two patterns whose apertures were centred on points 4°above and below the centre of the test aperture. Fig. 1 shows examples of stimuli used in the four experiments. The task of the observer was to indicate whether the centre of structure of the pattern was displaced to the left or right of the imaginary line joining the two reference dots (or, instead, the centres of structure of the top and bottom patterns in Experiment 3, as illustrated in Example C of Fig. 1 ). The reference positions and centre of structure were also subject to an additional common lateral movement, selected at random from the range of displacements used to sample the psychometric function, to remove ability to judge the offset of the centre of structure of the central pattern relative to the edge of the aperture or the edge of the screen. Nine relative lateral displacements between references and test were sampled and 100 trials collected for each displacement. Cumulative Gaussian functions;
where x is the lateral displacement, P right (x) is the probability of responding that the central pattern was to the right of the reference dots (patterns), l is the fitted mean of the Gaussian, r is the fitted standard deviation of the Gaussian and erf is the error function, were fitted to the data. The mean, l, is a measure of the point of subjective alignment (at the point where 50% of responses would indicate perceived position of the centre of structure was to the right of the reference markers). The standard deviation, r, was used as a measure of the precision to which the position of the centre of structure could be localized. Smaller values of r indicate greater precision.
Results
Preliminary Experiment -coherence thresholds for the discrimination of structured from unstructured stimuli
This preliminary experiment measured coherence thresholds for the discrimination of structured from unstructured static Glass, dynamic Glass and global dot motion (GDM) stimuli. The results are displayed in Table 1 as the percentage of coherently oriented dot pairs in each individual Glass pattern (for both static and dynamic Glass patterns) and the percentage of coherent motion vectors between any two frames of the GDM patterns at the 75% correct discrimination threshold (V in Eq. (1)). Errors in brackets indicate 95% confidence intervals. Coherence thresholds for perception of coherent motion were very low, though consistent with those shown previously for GDM patterns (Baker, Hess, & Zihl, 1991) . The thresholds for detection were fractionally greater than 2 (4%) for radial, concentric and spiral GDM patterns. Two dots are inadequate to define uniquely a centre for the structure, as there are numerous other pairs of vectors with contradictory centres of expansion. This result indicates that precise localization of GDM patterns is only possible at coherence levels higher than those required for discrimination of structured patterns from wholly incoherent patterns. This implies the existence of detectors for looming and rotating stimuli that do not rely on the provision of centre of structure. Table 1 also shows the standard deviations of the fitted cumulative Gaussian functions (R in Eq. (1)). The values of the coherence thresholds and standard deviations of the fitted functions were used to equate the salience of structure, across the conditions of each pattern type, in the stimuli of Experiment 2. Observer JC did not participate in this preliminary experiment or Experiment 2 as Fig. 1 . A and B are examples of the stimuli used in Experiments 1 and 2 respectively, and C is an example of the stimuli used in Experiment 3. The pattern in Example A is a spiral Glass pattern. The centre of structure of the pattern is displaced to the right of the centre of the pattern aperture. The reference dots, however, are displaced further to the right and so the centre of structure of the pattern is to the left of the imaginary line joining the reference dots. The pattern in B is a noisy concentric Glass pattern. In Example C the eight consecutive frames of the three GDM patterns are superimposed as an illustration of the stimulus. In this static representation of the GDM stimulus the centre of structure of the central pattern is to the left of the imaginary line joining the centres of structure of the two reference patterns. Table 1 Presented are the mean, V, and standard deviation, R, of the functions fitted to the data of the preliminary experiment expressed as a percentage. V represents the coherence threshold for discrimination of radial, concentric and spiral structure in static and dynamic Glass and GDM patterns from unstructured reference patterns at the 75% correct performance level. The error estimates in brackets are 95% confidence intervals. The values of V and R are used to match salience of the radial, concentric and spiral patterns in it was clear from pilot studies that she could not adequately localize the noisy patterns.
Experiment 1 -localizing the centre of structure of 100% coherent Glass and GDM patterns
In this experiment the precision in localizing the centre of structure of 100% coherent stimuli was measured for the three conditions of each pattern type. The standard deviation (r in Eq (2)) of the cumulative Gaussian function fitted to the psychometric function obtained for each condition was used as a measure of precision and is plotted in Fig. 2. The units of r are minutes of visual angle. The error bars represent 95% confidence intervals. For these 100% coherent patterns r is about 10 0 for radial and concentric conditions of all pattern types. This is only twice the diameter of a single dot at half height, demonstrating localization to be quite precise. Absolute values of r would be expected to vary with parameters such as number of local elements, stimulus diameter and duration of presentation for all stimuli, and additionally for the motion stimuli, speed of motion and number of frame transitions (Edwards & Badcock, 1994) . However, the patterns of results across concentric, radial and spiral stimulus conditions reveal differences between the processing of form and motion. Fig. 2 shows that, for static and dynamic Glass patterns, the precision in localizing spiral patterns is poorer than for concentric and radial patterns (the value of r is higher). For GDM patterns precision is the same across all conditions. The GDM stimuli tested had a local dot speed of 2°/s, below the threshold reported as necessary for the production of streak information (Geisler, 1999) for the dot size used here (a four standard deviation diameter of 8 0 ) and so localization of the centre of structure can most likely be attributed to integration across motion direction selective cells in the motion system. The three observers have very different absolute measures of r (note the change in Y axis range for JC) so for statistical comparison the data were normalized by division by the value of r for the radial case in each set of conditions for each observer. A one-way ANOVA for each of the three stimulus types showed that for static (F (2,6) = 19.83, p < 0.05) and dynamic (F (2,6) = 201.2, p < 0.0001) Glass patterns precision in localizing the centre of spiral patterns was significantly different (Tukey's multiple comparison test: p < 0.05) from the radial and concentric conditions but that performance for radial and concentric patterns was not significantly different. Performance did not differ across the three GDM conditions (F (2,6) = 0.8311, p = 0.48). If the pattern of results across radial, concentric and spiral conditions were the same for form and motion stimuli then we might suspect that localization was being performed by the same set of mechanisms using information common to these stimuli types (perhaps involving temporal integration of the motion stimuli to provide a form cue). The patterns of results are different, however, which suggests that localization of Glass patterns and GDM patterns is subserved by different sets of mechanisms. The results of this experiment confirm the first two hypotheses, that GDM patterns and Glass patterns can be precisely localized relative to markers external to the patterns. Table 2 reports the positions for subjective alignment of the patterns relative to the two dots. There was no systematic shift in the point of subjective alignment from the aligned condition for any pattern type, demonstrating performance to be accurate as well as precise. Localization was also accurate in Experiments 2 and 3.
Experiment 2 -localizing the centre of structure of noisy patterns
Wholly coherent patterns were used in Experiment 1 to allow optimal performance on the localization task for a particular number of local cues. Experiment 2 examined precision in localizing patterns at a specified coherence level above their threshold for detection. Initially the conditions within each pattern type were matched for salience by using a signal level two standard deviations above coherence threshold for discrimination of structured patterns from incoherent patterns (V + 2R). This resulted in the structure being detectible in $98% of stimuli. However localization of the centre of structure of GDM patterns was not possible at this level so for the GDM patterns a signal level of ten times the discrimination threshold was used. Salience was therefore equated across the radial, concentric and spiral conditions of each pattern type (static Glass, dynamic Glass and GDM patterns). In addition Fig. 2 . Precision in localizing the centres of structure of 100% coherent radial, concentric and spiral static Glass (Static), dynamic Glass (Dynamic) and GDM (Motion) patterns relative to vertically aligned dots above and below the patterns (see Fig. 1A ). The parameter r is the standard deviation of the cumulative Gaussian function fitted to the psychometric data and is a measure of precision (lower values of r indicate greater precision). Error bars are 95% confidence intervals. Radial and concentric static Glass and dynamic Glass patterns are localized with greater precision than spiral patterns but precision across dot motion patterns is flat. the coherence levels of the dynamic Glass and GDM patterns were equated at approximately 40%. Coherent motion structure was evident in every GDM stimulus. Fig. 3 displays precision in localizing these patterns. These results confirmed the patterns of results obtained in Experiment 1 across radial, concentric and spiral conditions. That is, localization of the centre of spiral form stimuli is worse than for radial or concentric form stimuli but localization of the centres of radial, concentric and spiral motion stimuli is equally precise. Table 3 summarizes the results of extra sum of squares F tests on the non-linear regression fits to the data (GraphPad Prism version 5.00, GraphPad Software, San Diego California USA) comparing pairs of conditions for each observer. The null hypothesis was that a common r would be suitable for all pairs. This can be rejected for spiral static and dynamic Glass patterns paired with radial or concentric patterns and also, for observer JB, for the radial and concentric dynamic Glass pattern pair. Precision across conditions of GDM patterns is however consistent with being equal across all pairs.
If variation in performance across the type of structure (radial, concentric or spiral) is used as a marker for differences then the results of Experiments 1 and 2 indicate that the localization of Glass (static or dynamic) and GDM patterns might be performed by distinct sets of mechanisms.
Experiment 3 -localizing the centre of structure across patterns
Experiment 3 was performed to test our fourth hypothesis; that localization of a GDM pattern would be poor relative to other GDM patterns but localization of a GDM pattern relative to two Glass patterns would be precise. The results of Experiments 1 and 2 show that the centres of structure of Glass and GDM patterns can be precisely localized. The patterns of precision across radial, concentric and spiral conditions suggest that dynamic Glass patterns and static Glass patterns are localized by the same set of mechanisms but that a different set may be responsible for the localization of GDM patterns.
Three 100% coherent radial patterns were used in each case with the outer reference pattern apertures centred 4°above and below the horizontal diameter of the central aperture. The centres of structure of the outer patterns moved from trial to trial similar to the reference dots of the previous experiments. Results are plotted in Fig. 4 .
Table 3
Statistical comparisons of the fits to the data of Experiment 2 for pairs of stimulus conditions of individual observers. Extra sum of squares F tests (GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California USA) of the nonlinear regression fits to the data of pairs of conditions were used to compare values of r. Precision in localizing the centres of structure of GDM patterns is consistent with being equal across radial, concentric and spiral conditions. Differences exist across pairs of these conditions for static and dynamic Glass pattern types.
Static
Dynamic Motion l represents the displacement in arc minutes of visual angle of the centre of structure of the central pattern relative to the imaginary line joining the two reference dots when the dots and the centre of structure were subjectively aligned. Numbers in brackets are 95% confidence intervals. There is no systematic displacement in the point of subjective alignment.
Pattern type
Global dot motion Radial 1.2 (0.5) À1.0 (1.1) À0.6 (1.5) Concentric 3.1 (0.6) À1.7 (0.9) À0.8 (2.5) Spiral 2.4 (1.1) À1.4 (0.6) À2.5 (1.5) Fig. 3 . Precision in localizing the centres of structure of noisy Glass and dot motion patterns is presented. The patterns of results across radial, concentric and spiral conditions are the same as for 100% coherent static Glass, dynamic Glass and GDM pattern types. Fig. 4 shows that the patterns in the conditions DDD (three dynamic Glass patterns) and DMD (a GDM pattern localized relative to two dynamic Glass patterns) were localized well. The variance in the perceived position of the centre of structure of the central pattern relative to the centres of structure of the two reference patterns was only approximately 70% greater than the variance predicted by the summation of the uncertainty in position of the centres of structure of the three patterns independently (three times the variance in the perceived position of the single pattern relative to two dots -if we assume the outer patterns were localized as precisely as the central pattern). However, localization of the centre of structure of the GDM pattern relative to the centres of structure of two other GDM patterns (the condition MMM) is very imprecise (extra sum of squares F tests (GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California USA) comparing the values of r in the fits to the data for the MMM and DMD conditions showed that precision was significantly different across these conditions (ED: F(1, 14) = 151.1, p < 0.0001; JB: F(1, 14) = 75.21, p < 0.0001)). The value of r from the fit to the psychometric function for the MMM data is approaching 1°of visual angle, which is more than half of the radius of the pattern. Although the coefficient of variation in this value for ED was only approximately 17% and for JB 11% the subjective experience of the observers was that it was impossible to localize the central GDM pattern relative to the outer patterns. The fact that a fit to a psychometric function was achieved at all might have been due to a bias towards reporting the position relative to the centre of the aperture as the observers were aware that the centres of structure of the two reference patterns were constrained to be within the top and bottom apertures. This explanation requires that the observers were able to perceive the centre of structure of the central GDM pattern in the presence of the two reference GDM patterns. When, as a control, opposite polarity dots were introduced at the centre of structure of the reference GDM patterns to act as reference points (condition MMM dots), performance improved by a factor of at least 3 (the variance in the perceived position of the central pattern improved by a factor of at least 9). Moreover, the coefficient of variation for observer ED was reduced to 4.5% and for JB 6.7%. This demonstrates that the motion information in the outer two GDM patterns could be disregarded (but not used independently) in the determination of the FOE of the central pattern.
These results support our fourth hypothesis. Localization of the centre of structure of a GDM pattern is at best poor relative to the centres of other discrete GDM patterns and, given the potential use of the whole aperture as a crude average position for the reference patterns, may not be possible.
Discussion
The results of Experiment 1 confirm our first hypothesis, that we can precisely and accurately localize the centre of structure of radial, concentric and spiral GDM patterns relative to markers spatially removed from the stimulus. This observation complements the results of Harvey and Braddick (2008) who report discrimination of the position of highly coherent GDM patterns to an accuracy of a few minutes of arc, relative to centrally located markers presented prior to, or after, the presentation of the stimulus. Comparison of the precision of localization in Experiment 2, using patterns of lower coherence level, with Experiment 1 also concurs with results reported by Harvey and Braddick (2008) which show that precision in localization of the centres of GDM patterns is inversely related to pattern coherence.
In support of our second hypothesis Experiments 1 and 2 also demonstrate precise and accurate localization of the centres of structure of static and dynamic Glass patterns. The pattern of precision across radial, concentric and spiral static and dynamic Glass patterns is the same for Experiments 1 and 2, displaying poorer precision in localizing spiral patterns relative to radial or concentric patterns even when the stimulus conditions were matched for detectability. This contrasts with GDM patterns, the centres of which were localized with equal precision. We suggest that this indicates that independent sets of mechanisms in the form and motion visual systems exist that support these abilities. Precise position information for Glass patterns was available at signal levels just sufficient for reliable discrimination of the patterns from incoherent references (98% correct discrimination) therefore the Glass pattern centre of structure location could be encoded by the same mechanisms responsible for their detection at threshold (see also Harvey and Braddick (2008) ). This is consistent with the model for detection of orientation structure proposed by Wilson et al. (1997) which relies on global summation of coherent local orientations. In this and subsequent extensions of the model (Poirier & Wilson, 2006; Wilson & Wilkinson, 1998 ) a centre of structure arises concomitant with the measure of coherence in orientation. This observation conflicts somewhat with the conclusions of Harvey and Braddick (2008) who report that the exclusion of orientation information from a small circular area at the centre of the Fig. 4 . Precision in localizing the centres of structure of selected radial patterns relative to those of other patterns is presented. Precision in localizing the centre of structure of a dot motion pattern relative to other dot motion patterns (MMM) is much worse than for the other combinations of patterns tested. When the centres of structure of the two reference dot motion patterns are indicated by opposite polarity dots (MMM dots) precision is markedly improved. pattern increases coherence threshold for reliable fine position discrimination. However, our stimuli were much less dense than theirs and perhaps lacked sufficient information at the centre of the stimulus to make the local cues informative.
The preliminary experiment showed that the motion system exhibits extremely low thresholds for discrimination of radial, concentric and spiral motion from incoherent motion but in Experiment 2 the precise localization of the centre of structure required appreciably higher coherence levels. This implies that highly sensitive detectors for looming and rotating stimuli exist that do not rely on the provision of a precise centre of structure (Duffy & Wurtz, 1991) . This is not to suggest that the FOE is not a critical environmental variable, but that discrimination of looming and rotating stimuli from noise is of value at low signal levels (Regan, 1986) . Harvey and Braddick (2008) also show that even the most coarse discriminations of position of the centre of motion relative to a temporally distinct positional marker is not possible at the threshold for detection. These observations might also be understood in terms of a model involving global summation of local motion cues. At speeds lower than the threshold for the production of streak information (Geisler, 1999 ) the axis of local motion is poorly constrained. Summation of motion direction information with the appropriate coherent orientations (orthogonal to the motion) may be sufficient for detection of looming or rotating stimuli at low coherence levels, but accurate localization of the centre might require averaging of motion directions at a higher coherence level.
Activation of the motion system by globally coherent form information is implied by the observation that a percept of coherent motion is induced by a rapidly presented series of Glass patterns, a so called dynamic Glass pattern (Ross et al., 2000) . The global motion perceived in these patterns is consistent with local motion being coherent and aligned along the axis of the dot pairs of the Glass patterns, but could be in either of the two possible directions. In all of the experiments performed here the pattern of precision for dynamic Glass patterns conforms to that for the Glass patterns rather than the GDM patterns suggesting a set of mechanisms in the form processing system is primarily responsible for their localization, a result that addresses our third hypothesis. Temporal integration of rapid motion of the dots along simple cell receptive fields would also result in this form information. This suggests that the form system itself might have an important role to play in the analysis of motion as also suggested by Barlow and Olshausen (2004) . Their model proposes that local anisotropies in the frequency spectrum of smeared images detected in V1 form a pattern representative of optic flow at an intermediate level of the form system, perhaps V4.
Experiment 3 revealed a previously unreported difference between the visual processing of Glass and GDM patterns. The centre of structure of a GDM pattern cannot be precisely localized relative to two other GDM patterns but the centre of structure of a dynamic Glass pattern or a GDM pattern can be precisely localized relative to two reference dynamic Glass patterns. This was our fourth hypothesis and its support lends further strong evidence that localization of the centres of structure of Glass patterns and GDM patterns relies on two distinct sets of mechanisms. In a control condition of Experiment 3, where static (opposite polarity) dots indicating the centre of structure of GDM reference patterns were introduced, precision in localizing a GDM pattern was largely restored. The motion system, it appears, is ineffective at localizing more that one FOE within the visual field concurrently but can largely ignore the presence of peripheral motion in localizing a single FOE.
Support for all of our four hypotheses suggests the existence of independent mechanisms for the encoding of the positions of the centres of structure of global motion and form patterns. The positions of the centres of both pattern types can be accurately and precisely localized within the visual field. While the centres of structure of a number of form patterns can be simultaneously encoded, allowing their positions to be compared, only a single FOE for optic flow is returned. Localization of the FOE of a single motion pattern within the visual field could indicate a moving observer's heading in their environment, or allow an observer to assess the trajectory of a moving object. The inability to encode more than one FOE may explain the confusion that arises when an observer is faced with the task of avoiding several moving objects simultaneously.
